(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 
International Bureau 

(43) International Publication Date 
23 December 2004 (23.12.2004) 




II 



PCT 



(10) International Publication Number 

WO 2004/112175 A2 



(51) International Patent Classification 7 : 



H01M 8/00 



(21) International Application Number: 

PCTAJS2004/018733 

(22) International Filing Date: 10 June 2004 (10.06.2004) 



(25) Filing Language: 

(26) Publication Language: 

(30) Priority Data: 

60/477,281 



English 
English 



10 June 2003 (10.06.2003) US 



(71) Applicant (for all designated States except US): CELL- 
TECH POWER, INC. [US/US]; 131 Flanders Road, 
Westborough, MA 01581 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): BLAKE, Adam, 
P. [US/US]; 47 Fairview Avenue, Watertown, MA 02472 
(US). RACKEY, Scott, C. [US/US]; 1 1 1 Page Road, Bed- 
ford, MA 01730 (US). BA1, Wei [CN/US]; 19 Phylmor 
drive, Westboro, MA 01581 (US). 

(74) Agent: OYER, Timothy, J.; Wolf, Greenfield & Sacks, 
P.C., 600 Atlantic Avenue, Boston, MA 02210 (US). 



(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, GH, GM, HR, HU, ID, 1L, IN, IS, JP, KE, 
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, 
MG, MK, MN, MW, MX, MZ, NA, Nl, NO, NZ, OM, PG, 
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, 
TN, TR, IT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM, 
ZW. 

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI, 
SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: OXIDATION FACILITATOR 



< 
IT) 



40 

OXIDANT (AIR) 



0 2 



16 
CATHODE 



+-0 2 " 




ie- 



14 

ELECTROLYTE 



12 
ANODE 




2e- 



20 
OXIDATION 
FACILITATOR 



30 
FUEL 



H 2 



H 2 0 



(57) Abstract: Fuel oxidation facilitators for use in electrochemical devices are described, as well as devices incorporating facili- 
tators and methods of their use. Exemplary facilitators separate a liquid anode of a fuel cell from fuel supplied to the fuel cell, and 
facilitate oxidation of the fuel. 



WO 2004/112175 



PCT/US2004/018733 



-1- 

OXIDATION FACILITATOR 

Field of the Invention 

The present invention is directed to fuel use in electrochemical devices and, 

5 more particularly, to fuel oxidation facilitators in connection with electrochemical 
devices, for example, fuel cells. 
Background of the Invention 

The conversion of fuel to energy defines technology at the center of one of the 
most important industries in existence. Most energy conversion in this arena involves 

10 the combustion of fuel to produce mechanical, thermal, and/or electrical energy. 
Coal, oil, and gasoline are fuels typically used in conventional combustion 
technology. The combustion of these fuels (burning) involves applying enough heat 
to the fuel, in the presence of an oxidant such as the oxygen in air, for the fuel to 
undergo a relatively spontaneous and ill-defined combustive, often explosive, reaction 

15 in which chemical bonds in the fuel break and reactions with oxygen occur to produce 
new compounds that are released into the environment (exhaust). In the process, 
energy is released in the form of heat and an expansive force, which can be used to 
drive a piston, turbine, or other mechanical device. This mechanical energy can be 
used directly, e.g., to drive an automobile or propel a jet aircraft. It also can be 

20 converted into electrical energy by linking the mechanical device to an electrical 
generator. Or it can simply be used to provide heat, e.g., in a home. ' 

Fuel combustion is, as noted, relatively ill-defined. That is, the precise 
chemistry occurring during combustion is not well known or easily controlled. What 
is known is that the resulting exhaust typically includes a wide variety of toxic 

25 compounds such sulfur-containing toxins, nitrous compounds, and unburned fuel 
droplets or particles (soot), some of which can be converted by sunlight into other 
toxins such as ozone, as well as a significant amount of carbon dioxide which, while 
not toxic, is an important greenhouse gas that many experts believe is affecting the 
environment. 

30 Cutting edge research and development in the area of energy conversion 

generally is aimed at improving efficiency and/or reducing the emission of toxic 
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pollutants and greenhouse gases. Fuel cells represent a significant advance in this 
area. Fuel cells are generally very clean and efficient, and also are very quiet, unlike 
most combustion engines and turbines. Fuel cells convert fuel directly into electrical 
energy via a relatively well-defined, controllable, electrochemical reaction that does 

5 not involve explosive combustion. In some systems, the only reaction product 
exhausted into the environment is water. In electrical production, no intermediate 
mechanical device, such as a piston engine or turbine, is needed, thus the process is 
generally much more efficient, since intermediate mechanical devices cause 
significant energy loss through friction, etc. The efficiency of conversion of fuel to 

10 mechanical energy via combustion in a piston engine is also hampered by the laws of 
physics; the Carnot Cycle, via which piston engines operate, determine the limit of 
efficiency in the conversion of heat, from combustion, into mechanical work. 
Significant loss of energy is unavoidable. 

While fuel cell technology has been developed to some extent, it has not 

15 assumed a significant role in worldwide energy conversion. Significant 
improvements are likely needed for this to happen. 
Summary of the Invention 

The present invention provides a series of techniques and methods providing 
various advantages in electrochemical devices, in particular fuel cells. Although the 

20 invention is described primarily in the context of fuel cells, those of ordinary skill in 
the art will recognize that the invention applies to other electrochemical devices 
including, without limitation, batteries and mixed fuel cell/battery arrangements. 

In one aspect, the invention provides a series of fuel oxidation facilitators that 
can be used in electrochemical devices. One oxidation facilitator of the invention is 

25 constructed for use in a fuel cell that includes a fluid anode for oxidizing a fuel 

provided to the fuel cell." The facilitator is constructed and arranged to be integrated 
with other fuel cell components in a manner such that oxidation of the fuel by the 
anode of the cell occurs across at least a portion of the facilitator. In another 
embodiment, a fuel oxidation facilitator of the invention is, similarly, able to be 

30 integrated with other fuel cell components, and includes one portion constructed and 
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arranged to physically separate fiiel from anode during fuel cell operation. Fuel 
oxidation can occur across that portion which physically separates fuel from anode. 

In another aspect, the invention provides a series of fuel cells. One fuel cell 
includes a compartment constructed and arranged to contain an anode that is a fluid 

5 during operation of the fuel cell. A fuel manifold is also provided, attachable to a 
source of fuel for the fuel cell. A fuel oxidation facilitator also is included, across 
which, oxidation of a fuel provided by the manifold via an anode in the anode 
compartment can occur during fuel cell operation. 

In another embodiment, a fuel cell of the invention includes an anode, a fuel 

10 manifold attachable to a source of fuel for the cell, and a fuel oxidation facilitator 
across which oxidation of the fuel by the anode can occur, at a location where the 
anode is physically separated from fuel provided by the manifold during fuel cell 
operation. 

In another aspect, the invention provides a series of methods. One method of 

15 the invention includes oxidizing a fuel with an oxidant via an anode of a fuel cell, at a 
location where the fuel and anode are physically separated from each other. 

Another method of the invention involves oxidizing a gaseous fuel with an 
oxidant via a liquid anode of a fuel cell, while containing the liquid anode within a 
first compartment. The first compartment may be separate from a second 

20 compartment within which the gaseous fuel is provided, and the liquid anode is 
typically not free to flow or migrate into the second compartment during operation. 

The subject matter of this application may involve, in some cases, interrelated 
products, alternative solutions to a particular problem, and/or a plurality of different 
uses of a single system or article. 

25 Other advantages, features, and uses of the invention will become apparent 

from the following detailed description of non-limiting embodiments of the invention 
when considered in conjunction with the accompanying drawings, which are 
schematic and which are not intended to be drawn to scale. In the figures, each 
identical or nearly identical component that is illustrated in various figures typically is 

30 represented by a single numeral. For purposes of clarity, not every component is 
labeled in every figure, nor is every component of each embodiment of the invention 
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shown where illustration is not necessary to allow those of ordinary skill in the art to 
understand the invention. In cases where the present specification and a document 
incorporated by reference include conflicting disclosure, the present specification 
shall control. 
5 Brief Description of the Drawings 

Fig. 1 is a cross-sectional view of a portion of a prior art electrochemical 

system; 

Fig. 2 is a cross-sectional view of a portion of an electrochemical system, 
according to one embodiment of the present invention; 
10 Fig. 3 represents electrochemistry occurring via a cathode, electrolyte, anode, 

oxidation facilitator, fuel, and oxidant, according to one embodiment of the invention; 

Fig. 4 represents electrochemistry occurring via a cathode, electrolyte, anode, 
oxidation facilitator, fuel, and oxidant, in accordance with another embodiment of the 
invention; 

15 Fig. 5 is a perspective, plan view of an electrochemical device, according to 

one embodiment of the present invention; 

Fig. 6 is a cross-sectional view through an electrochemical device similar to 
that shown in Fig. 5, in the plane of the figure, according to another embodiment of 
the present invention; 

20 Fig. 7 is a cross-sectional view of a portion of an electrochemical system, 

according to one embodiment of the invention; 

Fig. 8 is a cross-sectional view of a portion of an electrochemical system, 
according to another embodiment of the present invention; 

Fig. 9 is a cross-sectional view of a portion of an electrochemical system, 

■ 

25 according to another embodiment of the present invention; 

Fig. 10 is a cross-sectional view of a portion of an electrochemical system, 
according to another embodiment of the present invention. 

Fig. 1 1 is a cross-sectional view of a portion of an electrochemical system, 
according to another embodiment of the present invention; and 
30 Fig. 12 is a cross-sectional view of a portion of an electrochemical system, 

according to another embodiment of the present invention. 
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Detailed Description of the Invention 

The following patent applications and publications are incorporated by 
reference herein: International Patent Publication No. WO 0 1/80335, published 
October 25, 2001, entitled "An Electrochemical Device and Methods for Energy 

5 Conversion"; U.S. Patent Publication No. 2002/0015877 Al, published February 27, 
2002, entitled "A Carbon-Oxygen Fuel Cell"; International Patent Publication No. 
WO 03/001617, published January 3, 2003, entitled "Electrode Layer Arrangements 
in an Electrochemical Device"; International Patent Publication No. WO 03/044887, 
published May 30, 2003, entitled "An Electrochemical System and Methods for 

10 Control Thereof; International Patent Application No. PCT/US03/03642, filed 1 
February 6, 2003, entitled "Current Collectors"; U.S. Patent Application No. 
60/391,626, filed June 26, 2002, entitled "Current Collectors"; and U.S. Patent 
Application No. 60/477,281, filed June 10, 2003, entitled "Oxidation Facilitator." 
The present invention is directed to electrochemical devices, with particular 

15 use in fuel cells. A fuel cell is a device that converts fuel to electrical energy 

electrochemically, that is, without combustion of the fuel (although a fuel cell could 
be used in conjunction with a device deriving energy from combustion of the same 
fuel; most fuel cells do not). A typical, conventional fuel cell includes two electrodes, 
an anode and a cathode, an electrolyte in contact with both the anode and cathode, and 

20 an electrical circuit connecting the anode and the cathode from which power created 
by the device is drawn. In typical operation, an oxidant (e.g., oxygen, or simply air) is 
provided to the cathode where it is chemically reduced, e.g., to an oxygen ion, which 
is delivered to the anode via the electrolyte. Fuel, such as hydrogen, a hydrocarbon, 
and/or a carbonaceous fuel, is supplied to the anode where it reacts with the oxygen 

25 ion to form water and/or carbon dioxide, and the reaction releases electrons as the fuel 
is oxidized. The electrons are removed from the anode by a current collector, or other 
component of an electrical circuit. The overall reaction is energetically favorable, i.e., 
the reaction gives up energy in the form of energetic or power driving electrons from 
the anode, through electrical circuitry, to the cathode. This energy can be captured for 

30 essentially any purpose. 
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A portion of a typical, conventional fuel cell is shown in Fig. 1. In the 
illustrated system, an environment containing a gaseous fuel 30 is in contact with an 
anode 12, which is in turn in contact with an electrolyte 14. In this arrangement, the 
interface between anode 12 and fuel 30 provides the area for the interaction between 

5 the anode and fuel. As fuel is oxidized, more fuel is supplied to anode 12. 

Fuel cells using liquid anodes are known, and have presented new 
opportunities and challenges for fuel delivery. For example, liquid anodes allow fuel 
to be bubbled into the anode. Where fuel is bubbled into a liquid anode, the surface of 
the bubbles becomes the area for interaction between the anode and fuel. For 

10 example, a variety of fuel delivery options useful with liquid, anodes are disclosed in 
International Patent Application Serial No. PCT/US02/37290 (International 
Publication No. WO 03/044887, published May 30, 2003), referenced above. The 
present invention, while not limited to use with a liquid anode-containing fuel cell, is 
quite useful with these devices. 

15 The present invention provides, generally, structures and arrangements for 

facilitating a chemical reaction at an electrode of an electrochemical device. The 
invention provides particular use in facilitating oxidation of a fuel at an anode. The 
invention can be particularly useful in an electrochemical device including a fluid 
electrode (i.e., one including a substantial portion that is a liquid), for example, to 

20 contain a liquid electrode and prevent it from flowing outside of a predetermined area. 

The present invention also can help improve fuel efficiency in electrochemical 
devices. Improving fuel efficiency is generally advantageous, but is particularly 
important where material tolerances in an electrochemical device may dictate 
operating conditions that are less than ideal for fuel efficiency. For example, in 

25 certain electrochemical devices, in order to minimize erosion of the electrolyte, 
voltage across cells within the electrochemical device must be maintained at a level 
different, e.g., higher, than that ideal for fuel efficiency. Various arrangements of the 
present invention can allow for voltage to be maintained at a level that minimizes 
erosion of electrolyte or other components, while allowing the device to operate at 

30 high fuel efficiency. 
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The invention provides, in certain embodiments, a fuel oxidation facilitator for 
use in a fuel cell. The facilitator is constructed and arranged to be integrated with 
other fuel cell components, and can facilitate oxidation of the fuel by the anode. 
Those of ordinary skill in the art will understand how an oxidation facilitator of the 

5 invention can be "constructed and arranged" to be integrated with other fuel cell 
components, in a wide variety of fuel cell arrangements, or arrangements of other 
electrochemical devices. For example, the oxidation facilitator can include integral or 
attached seals, brackets, flanges, passages for receiving fasteners, and/or can be 
fabricated so as to be easily modifiable with these or other components. 

10 In one embodiment, oxidation of the fuel by the anode occurs at a portion of 

the facilitator that physically separates the anode from the fuel ("at a portion," as used 
herein, means at least one portion of a component, optionally at all portions, i.e., 
across the entire device, but not necessarily at all portions). In this embodiment the 
facilitator need not be the only thing that separates the anode from the fuel, i.e., other 

15 components can be positioned between the anode and the fuel, but the anode and the 
• fuel do not physically contact each other at the portion where oxidation of fuel by the 
anode occurs. In another embodiment, the facilitator is constructed and arranged to be 
integrated with other fuel cell components such that it is between the fuel and the 
anode. The facilitator may prevent flow between the fuel and anode where one or 

20 both is a fluid, but also may allow fuel and anode to come into contact with each other 
at one or more locations where oxidation occurs. These embodiments can be 
provided in combination, i.e., a fuel oxidation facilitator can include portions across 
which oxidation occurs where fuel and anode are completely separate, and other 
portions across which oxidation occurs where fuel is allowed to contact anode. As 

25 used herein, "flow" means bulk movement of one species into another species or 

compartment, e.g., where a liquid anode and gaseous fuel are prevented from flowing 
into each other or into each other's compartment, the gaseous fuel does not bubble 
into the liquid anode, and the liquid anode does not flow into the fuel. The meaning 
of "flow" herein does not, however, exclude diffusion. For example, gaseous fuel 

30 may diffuse into a liquid anode, i.e., fuel molecules can become dissolved or 
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dispersed within the liquid anode, although there may be no bulk amount of gaseous 
fuel within the anode (e.g., bubbles). 

Fuel oxidation facilitators of the invention can define portions of fuel cell 
components. For example, a fuel oxidation facilitator can define a portion of an 

5 anode compartment that can at least partially contain a fluid anode within the 
compartment. The oxidation facilitator similarly can define a portion of a fuel 
compartment (and/or fuel conduit/manifold), and can serve to at least partially contain 
fuel. The oxidation facilitator can serve as part of the fuel compartment and/or as part 
of the anode compartment. It can also serve as the sole fuel cell component 

10 separating the fuel from the anode, at at least one location, i.e., it can define a wall 
that is between and is in contact with both the fuel and the anode. 

As used herein, a "fuel oxidation facilitator" is any article that can be 
positioned, relative to a fuel and an anode of an electrochemical device such as a fuel 
cell, such that the anode and fuel are able to communicate electrochemically across 

15 the facilitator, facilitating oxidation of the fuel. In one embodiment, the oxidation 
facilitator is ionically conductive, and able to transfer oxygen ions across it between 
anode and fuel, at a location where the anode and fuel are not in contact physically 
with each other (for example, in an arrangement where the anode and fuel are 
completely physically separated from each other throughout the device). Of course, 

20 where the oxidation facilitator is ionically conductive, a return electronic path will be 
provided, either internally of the device (where the device is a mixed ion/electron 
conductor), or externally, e.g., through a separate circuit or arrangement of materials. 

The oxidation facilitator of the invention, and other electrochemical device 
components will at times be described in the context of "operating conditions of the 

25 fuel cell," or "normal fuel cell operation." These phrases will be understood by those 
of ordinary skill in the art, and refer to use of an electrochemical device or system 
under conditions for which it was intended and/or designed it to be used, or under 
conditions for which it would forseeably be used, for example, to generate electrical 
current via consumption of a fuel and/or recharging of a chemically-rechargeable 

30 electrode, as described in International Patent Publication No. WO 01/80335, noted 
above. These operating conditions can involve temperatures and/or voltages selected 
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for effective and efficient fuel cell operation, including temperatures at which a metal 
anode is in a liquid state. Some arrangements of the invention will be described in 
which a "substantial portion" of an anode is a fluid, e.g. liquid, state (some anode 
materials suitable for use in the invention will include some gaseous material as well). 
5 "Substantial portion," when used in this context, means that a majority of the entire 
anode is in the recited state, under normal operating conditions of the fuel cell. Where 
a "substantial portion" of the fuel is a gas, this means, similarly, that a majority of the 
fuel is in the gaseous state. 

Referring now to Fig. 2, one arrangement of an electrochemical device 
10 including an oxidation facilitator of the invention is illustrated schematically. In the 
embodiment illustrated, an electrochemical device 10 is shown to include an anode 
12, an electrolyte 14 which separates anode 12 from a cathode 16, and a fuel oxidation 
facilitator 20 which separates anode 12 from a region 30 containing a fuel. A region 
40, on the side of cathode 16 opposite electrolyte 14, contains an oxidant, such as 
15 oxygen (air can also serve as the oxidant). Where a region is described as containing 
a fuel or an oxidant, that region sometimes is referred to simply as "fuel" or 
"oxidant." It is to be understood that fuel or oxidant can be provided in "neat" or pure 
form, or can be provided in a carrier or admixed with any other species that does not 
serve as a fuel or oxidant, respectively. 
20 In the arrangement illustrated, fuel 30 is in direct contact with oxidation 

facilitator 20, which is in direct contact with anode 12, which is in direct contact with 
electrolyte 14, which is in direct contact with cathode 16, which is in direct contact 
with oxidant 40. It is to be understood, in connection with the arrangement of Fig. 2 
or any other arrangement of the invention, that any suitable intermediary components 
25 can be positioned between any of the illustrated components so long as the fuel cell 
remains operative. Those of ordinary skill in the art are aware of such auxiliary 
components which could be introduced. Examples include those described in 
International Patent Publication No. WO 03/001617, referenced above. 

As will become apparent from the description that follows, the arrangement 
30 schematically illustrated in Fig. 2 can take any of a wide variety of structural, 

geometric configurations. The layers (oxidation facilitator, anode, etc.) are shown to 
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be of uniform thickness and the boundaries between the various layers are essentially 
straight, but it is to be understood that thicknesses of components can change from 
those illustrated, can vary within components, and borders between components can 
be non-planar and of essentially any shape. 

5 Referring now to Figs. 3 and 4, electrochemistry proposed to occur during 

operation of a fuel cell, including an oxidation facilitator, according to one 
embodiment of the invention, is represented. It is to be understood that the chemistry 
represented in Figs. 3 and 4 and the accompanying description, and elsewhere herein, 
is representative of the inventors' understanding of chemistry that occurs in 

10 connection with the invention, but that slight differences may exist in how and where 
chemical reactions take place. In Fig. 3, an oxidant 40, which can be an oxygen- 
containing fluid such as air, is supplied to cathode 16. Electrons are delivered to 
cathode 16 from an electrical source (not shown) which typically includes a circuit 
including both the cathode and anode. At cathode 16, oxidant is reduced by electrons 

15 (2 in this example) supplied from the circuit to form oxygen ions which permeate 
electrolyte 14 and are delivered to anode 12. In the embodiments illustrated, a metal 
(M) is shown for purposes of illustration. Where "M" or "metal" is used herein, it is 
to be understood that the metal can be an alloy of different metals as well. The anode 
can be a liquid metal. Metal atoms in the anode cycle between two or more oxidation 

20 states including metal (M) and various species of metal oxide (MO x ). As illustrated, 
the anode can absorb oxygen ion from electrolyte 14 and incorporate it into a metal 
oxide species which, at oxidation facilitator 20, releases oxygen ion in exchange for 
electrons which are delivered from anode 12 into electrical circuitry. Oxygen ions 
can permeate the oxygen facilitator and oxidize a fuel 30 (hydrogen is shown, 

25 although those of ordinary skill in the art will recognize a wide variety of other fuels 
can be used), releasing electrons. The reaction shown in Fig. 3 (as well as that shown 
in Fig. 4) is energetically favorable, thus power can be drawn from an electrical 
circuit connecting anode 12 with cathode 16. In the embodiment illustrated, the only 
exhaust released is water, along with any unconsumed fuel (which can be easily 

30 recovered for further use). 
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In the arrangement of Fig. 3, oxygen facilitator 20 completely physically 
separates anode 12 from fuel 30. That is, no atoms of the fuel are allowed to be 
brought into physical proximity with atoms of the anode that would allow direct 
electrochemical reaction therebetween. Instead, the oxygen facilitator can transport 
5 ions from the anode to the fuel, and can transport electrons from the reaction between 
oxidant and fuel to the anode, or the oxygen facilitator can otherwise facilitate 
electrochemical communication between a physically separated anode and fuel. In 
this case, facilitator 20 typically is a mixed ion/electron conductor. 

Referring now to Fig. 4, the arrangement of Fig. 3 is illustrated, with the 

10 exception that oxygen facilitator 20 includes a pore 21 passing completely through the 
facilitator and allowing physical contact between fuel 30 and anode 12. In this 
arrangement, direct reaction between an oxidized species of anode 12 (metal oxide, as 
illustrated) and fuel, results in an oxidation product of the fuel (delivered to exhaust, 
described below) and release of electrons which are captured by the anode and routed 

15 to external circuitry. Additionally, in this arrangement, some MO x may be able to 
exist in gaseous state and diffuse into and/or admix with gaseous fuel, facilitating 
reaction. 

In one set of embodiments pore 21 (and a plurality of similar pores in the 
oxidation facilitator) are selected to be of dimensions allowing sufficient physical 

20 communication between the anode and fuel to allow chemistry shown in Fig. 4 to 
occur, while preventing flow of a fluid fuel into the anode or a fluid anode into the 
fuel. The dimension of pore 21 can be selected based upon bore (cross-sectional 
dimension), length, or a combination (aspect ratio) by those of ordinary skill in the 
art, taking into account viscosity of the fuel and/or anode, and/or compatibility 

25 between the oxidation facilitator and the fuel, the oxidation facilitator and the anode, 
and/or the fuel and the anode (where "compatibility" involves mutual attraction, or 
lack thereof, involving characteristics analogous to hydrophilicity or hydrophobicity). 

In connection with the arrangement illustrated in either Fig. 3 or Fig. 4, where 
oxidation facilitator 20, with or without pores that pass entirely through the facilitator, 

30 can facilitate electrochemical communication between a physically separated anode 
and fuel (e.g., as a mixed ion/electron conductor), an oxygen gradient is typically 
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created across the facilitator during use, with concentration decreasing from the anode 
side to the fuel side. Thus, an equilibrium between metal and metal oxide favors 
metal toward the fuel side of the facilitator, which serves to contain metal within the 
anode compartment; metal does not migrate, physically or via electrochemical 
reaction, outside of the compartment. 

Referring now to Fig. 5, a schematic illustration of one general geometric 
arrangement of an electrical device of the present invention illustrated. In Fig. 5, 
electrochemical device 10 is arranged in a substantially cylindrical configuration 
including an outer, cylindrical cathode 16, a cylindrical electrolyte 14 inside and in 
contact with cathode 16, a liquid anode 12 contained by electrolyte 14, a cylindrical 
oxidation facilitator 20 immersed within a portion of anode 12, thereby defining at 
least one compartment within which anode 12 is contained, and a fluid delivery 
conduit 22 positioned to deliver fuel to oxidation facilitator 20. As illustrated, fuel 
delivery conduit introduces fuel into a cylindrical container defined by oxidation 
facilitator 20. 

Referring now to Fig. 6, the generalized arrangement of Fig. 5 is illustrated in 
cross-section, in greater detail. The difference in perspective (component size) 
betwfeen Figs. 5 and 6 is representative of the variety of configurations and 
arrangements possible. In Fig. 6 oxidation facilitator 20 is of a substantially 
cylindrical shape with a closed bottom and an open top, although as would be readily 
understood, the bottom can be formed of any material and/or the facilitator can be 

» 

positioned such that the bottom has access to the anode, as shown in Fig. 5. 

In the embodiment illustrated, oxygen facilitator 20 is inside of and rests on . 
the bottom of substantially cylindrical electrolyte 14, and cylindrical electrolyte 14 
has a closed top and bottom, which may be made of the same or different material as 
the electrolyte material. 

The open top of cylindrical oxidation facilitator 20 is substantially completely 
sealed by a plug 19 which includes an opening 17 therein, allowing communication 
between the interior of a cylindrical compartment formed by facilitator 20 and the 
environment external to the device. Fuel delivery conduit 22 passes through opening 
17 and extends into the cylindrical compartment defined by facilitator 20, which can 
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thereby define a fuel manifold or reaction chamber. Fuel conduit 22 does not 
completely block opening 17, but allows for escape of exhaust through space 17 
defined between the exterior of fuel conduit 22 and the interior of the passage of plug 
19. Fuel conduit 20 can be positioned (e.g. centered) within passage 17 by essentially 
any routine technique. Passage 17 thus defines an exhaust passage which can be 
connected to an exhaust conduit (not shown). 

Facilitator 20 and plug 19 can be made to define a fluid-tight (other than 
passage 17) device which, positioned within a space defined by the interior of cathode 
14, does not completely fill the space, and at least a portion of plug 19 extends outside 
of (above, as illustrated) the space. The remainder of the space can be filled with an 
anode 12 (optionally liquid) which is contained by electrolyte 14 and which is not 
allowed to flow into the compartment defined within facilitator 20. Stated another 
way, the combination of facilitator 20 and plug 19 is placed within a compartment 
defined by cathode 14, and some or all of the remaining space within the compartment 
is filled with liquid anode 12. In the embodiment illustrated facilitator 20 in part 
defines a compartment constructed and arranged to contain an anode that is a fluid 
during operation of the cell, and also defines, in part, the fuel manifold. The anode 
physically contacts electrolyte 14 and facilitator 20, and the facilitator prevents any 
flow of fuel from the fuel manifold into the anode compartment, and also prevents any 
flow of anode from the anode compartment into the fuel manifold. 

Cathode 16 is arranged cylindrically to surround electrolyte 14, as illustrated, 
and is in contact with a cathode current collector 25, addressed by an electrical lead 
27 communicating with an electrical circuit (not shown). An anode current collector 
29 is in electrical contact with (e.g. submerged within) anode 12, and is addressed by 
an electrical lead 3 1 which communicates with the electrical circuit. 

An oxidant, such as air, is allowed to contact cathode 16. Fuel (30) is 
delivered from a source that is not shown. In some arrangements, exhaust (42) can 
simply diffuse into air, but in most arrangements exhaust will be collected in an 
exhaust conduit, not shown, and treated in an environmentally sound manner. The 
exhaust typically will contain only water and unspent fuel (which can be re-used), or 
water, unspent fuel, and carbon dioxide. 
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It is to be understood that the arrangement of Figs. 5 and 6 is but one example 
of a fiiel cell that makes use of an oxidation facilitator. Many structural arrangements 
other than those disclosed herein, which make use of and are enabled by the present 
invention, will be apparent to those of ordinary skill in the art, and some are disclosed 
herein. For example, many other arrangements for forming manifold 23, delivering 
fuel to the manifold, and removing exhaust from the manifold are possible other than 
the arrangement including plug 19, conduit 22, passage 17. For example, oxidation 
facilitator 20 could form an enclosed chamber by itself permeated only by a delivery 
conduit 22, and a separate exhaust conduit near conduit 22 or at the other end of the 
chamber relative to conduit 22. 

A variety of modifications can be made to the arrangement of Fig. 6 to 
increase or decrease thickness of any component and/or change the relative surface 
area of contact between any two components in comparison to the surface area of 
contact between another other two components. For example, the "thickness" of 
anode 12 can be varied simply by varying the external diameter of oxidation 
facilitator 20 and/or the internal diameter of electrolyte 14. As an example of relative 
surface area variation, the surface area of facilitator 20 exposable to anode 12 can be 
decreased, relative to the surface area of electrolyte 14 exposed to anode 12, by 
decreasing the height of facilitator 20 and/or decreasing its radius. The same can be 
increased by decreasing the fluid level of anode 12 within the container defined by 
electrolyte 14, or by reversing the relative positions of facilitator 20 and electrolyte 
14. In the latter arrangement, facilitator 20 defines a cylindrical compartment within 
which electrolyte 14 resides, the space between the two filled (or partially filled) by 
anode 12. In this arrangement, oxidant is delivered within electrolyte 14 (similar to 
the delivery of fuel as shown in Fig. 6) and fuel is delivered to the exterior of 
facilitator 20 by a manifold arrangement easily constructive by those of ordinary skill 
in the art (or the entire arrangement can be placed within a fuel environment). 
Cathode 16 would be placed within electrolyte 14 in the "reversed" arrangement. 

The ability to vary the thickness of the elements of an electrochemical device 
according to the invention and/or adjust the relative areas of surface contact between 
components can impact the efficiency of the device. For example, portions of the 



WO 2004/112175 



PCT/US2004/018733 



-15- 

system which are of relatively low conductivity, or are otherwise rate limiting, may be 
decreased in thickness. Similarly, it may be possible to reduce the amount of higher 
cost materials used. In particular, embodiments of the present invention allow a 
liquid anode to be contained by a oxidation facilitator, in turn allowing the anode to 
5 be kept relatively thin (e.g., significantly, proportionately thinner than as illustrated in 
Fig. 6). Reduction in anode thickness can reduce the resistance of the electrochemical 
device, and reduces the amount of anode material required, improving efficiency and 
reducing cost. 

' The invention allows for modification of design that can be used to affect 

10 device power, battery storage capacity, or both. For example, by increasing surface 
area of contact between the oxidation facilitator and the fuel and anode, continuous 
power output is improved. By increasing the amount of anode present, battery storage 
may be increased, e.g. in embodiments where a rechargeable anode is used. Each of 
these can be controlled, independently of each other, e.g. by changing the radius of 

15 the oxidation facilitator (where cylindrical), and/or designing the oxidation facilitator 
in other ways to geometrically create more surface area (e.g. with a wavy, jagged, 
and/or porous facilitator), and/or by increasing or decreasing the thickness of the 
anode, as discussed above. These changes can be useful when designing different fiiel 
cells for different uses requiring more or less power and/or more or less battery 

20 storage capacity, e.g., for home power use, commercial or industrial use, automobile 
use, different climates, etc. 

As noted above, oxidation facilitation device 20 can be any structure or 
material that can place the anode and fuel in oxidative communication, i.e., an 
arrangement in which the anode can facilitate oxidation of the fuel. Purposes served 

25 by the oxidation facilitator can include improving fiiel efficiency, maximizing surface 
area between fuel and anode at which oxidation can occur (whether fuel and anode are 
allowed to physically contact each other or not), defining a portion of a fuel 
compartment (manifold), defining a portion of an anode compartment, preventing 
anode gases from mixing with fiiel and/or exhaust, preventing fuel and/or exhaust 

30 from being introduced into the anode, and/or other functions. 
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Where oxidation facilitator 20 is effective in improving fuel efficiency it can 
do so, at least in part, by increasing the effective surface area for interaction between 
the anode and the fuel, and/or by increasing the reaction rate between oxygen ions in 
the anode and the fuel. In one embodiment, the reaction rate may be increased by use 

5 of a catalyst (examples are provided below). 

Where the oxidation facilitator is intended to increase fuel efficiency by 
increasing the effective area for interaction between the anode and cathode, this may 
be accomplished physically, ionically, or both. For example, increasing the effective 
area for interaction may be performed physically by providing a framework that 

10 improves the interfacial area between the anode and fuel In one such embodiment, 
oxidation facilitator 20 may comprise an open structure through which the anode and 
fuel can contact one another (represented by chemistry shown in Fig. 4). For 
example, oxidation facilitator 20 may be porous. As used herein, "porous" means 
containing a plurality of openings; this definition includes both regular and irregular 

15 openings, as well as openings that extend all the way through a structure as well as 
those that do not. 

Porous oxidation facilitators may take many forms. One example of a 
oxidation facilitator comprising a porous structure is illustrated in Fig. 7, along with 
electrolyte 14. In this example, porous oxidation facilitator 20 is used as a support for 

20 anode 12, which is completely contained within pores 26 of the oxidation facilitator. 
As illustrated, in this embodiment pores 26 extend all the way through oxidation 
facilitator 20 and the fuel and anode are placed in direct physical contact, allowing 
electrochemistry to occur as illustrated in Fig. 4. Typically, such pores will be 
irregular, though they also may be regular as illustrated, depending, for example, on 

25 how they are formed. 

In the embodiment of Fig. 7, anode 12 can be a liquid or solid anode and has 
been applied to oxidation facilitator 20 so as to occupy pores 26. This arrangement 
allows a liquid anode to be effectively treated as a solid anode in terms of design and 
fuel supply in an electrochemical device. The ability to use a liquid anode in a wider 

30 variety of geometries may impact the electrochemical device in many ways, from fuel 
efficiency to manufacturing expense. 
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In certain embodiments, anode 12 may not occupy all of pores 26 of oxidation 
facilitator 20, allowing fuel to at least partially penetrate the oxidation facilitator. 
This may present an irregular interface between the fuel and the anode, improving the 
interfacial area. This may be particularly true where anode 12 is wholly or partially 

5 coated on the inside of the pores. 

Another oxidation facilitator 20 arrangement of the invention is illustrated in 
Fig. 8. In this example, a porous oxidation facilitator 20 is positioned between the 
anode 12 and the fuel 30; pores 26 allow the anode and the fuel to interact, and 
facilitate electrochemistry, e.g. as illustrated in Fig. 4. This embodiment may allow a 

10 liquid anode to be contained in an analogous manner to that described with reference 
to Fig. 7, increasing design freedom. In a manner also similar to that described with 
reference to Fig. 7, anode and fuel may both enter pores in the oxidation facilitator to 
varying degrees and the irregularity of the interface thus created may effectively 
increase the area for interaction between the two. In one embodiment, no flow occurs 

15 between the fuel and anode. That is, fuel does not flow into the region identified as 
containing anode 12, and anode does not flow into the region identified as containing 
fuel 30. In another arrangement, flow may be allowed to occur or can be purged via a 
pressure differential across the oxidation facilitator. For example, where anode 12 is a 
liquid, fuel may be delivered through pores 26, effectively rendering the fuel into 

20 numerous small bubbles in the anode. The smaller the bubbles, the higher the surface 
area to volume ratio, and, thus, the greater the surface area for interaction per unit fuel 
will be. This arrangement may also allow bubbles to be introduced into a larger 
percentage of the anode. Both the increased area for interaction and more complete 
use of the anode may result in increased fuel efficiency. This is particularly true in 

25 comparison to a single fuel delivery tube delivering fuel directly to the anode, which 
delivers fuel only to a single portion of the anode and will typically form relatively 
large bubbles. Where fuel is bubbled into the anode while the device is in operation, 
bubbles will emerge from the anode containing exhaust and any unspent fuel. 

An arrangement of the invention in which the oxidation facilitator completely 

30 physically separates anode from fuel is illustrated in Fig. 9. In this embodiment, the 
anode 12 is physically separated from the fuel, but remains in oxidative 
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communication with the fuel, for example by allowing oxygen ions to travel ionically 
through facilitator 20. Electrochemistry that can be involved in the arrangement of 
Fig. 9 is illustrated in Fig. 3. The arrangement of Fig. 9 also is generally more useful 
when anode 12 is somewhat volatile at operating temperatures, i.e., when the anode 
5 will produce gas, because a non-porous facilitator can more easily contain the anode. 
In one embodiment, the oxidation facilitator includes at least one portion 
allowing physical contact between fuel and anode (while, optionally, preventing flow 
of either therebetween), and also includes at least one portion facilitating oxidation of 
the fuel by the anode at a location where the anode is physically separated from the 

10 fuel. For example, a porous oxidation facilitator can be used, but made of material 
across which oxidation of fuel can occur without pores. In such an arrangement, 
oxidation will occur across the device (without physical contact between the fuel and 
anode), and also via physical contact between fuel and anode facilitated by pores. 
In other embodiments, there may be no physical contact between the anode 

15 and the fuel, but pores may be used for other reasons. For example, pores may be 
used to increase the interfacial area between the anode and oxidation facilitator and/or 
the fuel and the oxidation facilitator. For example, the embodiment illustrated in Fig. 
10 has a portion of oxidation facilitator 20 that includes pores 26 and a portion that 
comprises a solid layer 28 (that is, the pores penetrate partially, but not fully, through 

20 the oxidation facilitator). In the embodiment illustrated, the pores face the fuel side 
and increase the interfacial area between the fuel and the oxidation facilitator. In 
another arrangement (not illustrated), pores can face the anode, but not the fuel. In 
still another arrangement pores can penetrate from the fuel side into the facilitator, 
and also from the anode into the facilitator, but those pores do not meet and none of 

25 the pores extend all the way through the facilitator. 
1 In one embodiment of the invention, the rate of oxidation of fuel Via an 

oxidation facilitator is manipulated electronically. For example, an electrical potential 
can be applied across the facilitator to drive oxygen ions from the cathode through the 
oxidation facilitator toward the fuel. One arrangement of this embodiment is 

30 illustrated in Fig. 1 1, in which facilitator 20 is in contact with an electrode 13 (such as 
a conventional solid anode material) on the side of the facilitator opposite that of 
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anode 12. Electrode 13 can be a mixed conductor having high electronic 
conductivity, for example. In operation, a potential is applied across facilitator 20, 
between electrode 13 and anode 12, via auxiliary circuit 50, to drive oxygen ions from 
anode 12 across facilitator 20 to interact with fuel 30. While electrode 13, as 

5 illustrated, lies between facilitator 20 and fuel 30, of course it does not isolate the fuel 
from the facilitator. For example, a porous electrode 13 can be used or other openings 
can exist between the fuel and the facilitator. Other arrangements are known to those 
of ordinary skill in the art for providing a potential across facilitator 20. 

Controlling the potential and/or current across a oxidation facilitator may also 

10 be useful to control the overall voltage of an electrochemical device. This may be 
useful where the ideal voltage for fuel efficiency is not the same at the desired overall 
voltage, for example for corrosion prevention reasons. The embodiment illustrated in 
Fig. 1 1 may also be used for this purpose. For example, power may be drawn from 
the electrochemical device at circuit 52 while power is supplied to the oxidation 

15 facilitator at circuit 50, providing an optimal overall voltage to the cell. By way of 
illustration, if 1 .0 volts is produced between the cathode and anode through circuit 52, 
and -0.3 volts is applied at circuit 50 to drive migration, then the device provides an 
overall net voltage of 0.7 volts. This amounts to driving enough oxygen ions through 
the oxidation facilitator to optimally consume fuel. 

20 Electrochemical devices of the present invention may be any kind of 

electrochemical device including fuel ceils, batteries, and dual function devices, such 
as electrochemical devices comprising chemically rechargeable anodes disclosed in 

* 

International Patent Publication No. WO 01/80335, referenced above. As described 
above, electrochemical devices according to the present invention may also have a 

25 wide variety of geometries including cylindrical, planar and other configurations. An 
electrochemical device according to the present invention may be combined with 
additional electrochemical devices to form a larger device or system. In some 
embodiments this may take the form of a fuel cell stack. Where more than one 
electrochemical device is combined, the devices may all be devices according to the 

30 present invention, or one or more devices according to the present invention may be 
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combined with other electrochemical devices, such as conventional solid oxide fuel 
cells. 

Various components of the invention can be fabricated by those of ordinary 
skill in the art from any of a variety of components. Components of the invention can 
5 be molded, machined, extruded, or formed by any other suitable technique, those of 
ordinary skill in the art are readily aware techniques for forming components of 
devices herein. 

Fuel and/or oxidant conduits and manifold can be constructed of ceramic, 
stainless steel or other high-temperature steel, chromium and/or cobalt alloys. Other 

10 commercial alloys including iron, chrome, nickel, cobalt, and/or other spices may be 
useful, such as Inconnels™, or essentially any material that will not destructively 
interfere with the device or be easily corroded. These components typically are 
constructed of non-reactive materials, that is, materials that do not participate in any 
electrochemical reaction occurring in the device. The interior surfaces of conduits can 

15 be coated with an anti-coking agent, and/or a conduit can be constructed at least in 
part of an anti-coking agent, as described in International Patent Publication No. WO 
03/044887, referenced above. Of course, all components should be fabricated of 
material selected to operate effectively at the intended temperature (and temperature 
variation) to which the device will be exposed. Where a plug (e.g., plug 19 in Fig. 6) 

20 is used, it typically is fabricated from a non-reactive material such as alumina and/or 
zirconia. 

An oxidation facilitator may be constructed of any material or materials that 
are able to be formed into the desired structure, and/or have the desired conductivity, 
and/or are sufficiently durable for use in the intended operating conditions of the 

■ 

25 electrochemical device. As noted above, the oxidation facilitator may or may not be 
ionically conductive, and may or may not be porous. The facilitator also may include 
a catalyst that lowers the activation energy for oxidation of fuel, and/or reforming of 
fuel. 

In certain embodiments, a oxidation facilitator may be constructed of ceramic 
30 materials. YSZ is one suitable composition for use in a oxidation facilitator in certain 
embodiments. "YSZ," as used herein, refers to any yttria-stabilized zirconia material, 
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for example, (Zr02)(HfD2)o.02(Y 2 0 3 )o.o8. YSZ, especially if not compounded with an 
ionically-conductive material, is primarily useful in embodiments where physical 
contact between the anode and fitel is desired, for instance because YSZ has low 
electronic conductivity, and electrons released by the reaction between oxygen and 

5 fuel cannot return to the anode through the YSZ. Another suitable ceramic material is 
. alumina. Those of ordinary skill in the art will recognize other non-ionically- 
conductive materials suitable for use in fabrication of the oxidation facilitator. Where 
these materials are used solely, they typically will allow physical contact between fuel 
and anode, for example via the porous arrangement described above. 

10 For embodiments in which the fuel and anode are kept partially or completely 

physically separate from each other (including the arrangements shown in any of Figs. 
3, 4, 8, 9, and all others), it can be useful to use an ionically-conductive material 
and/or material able to conduct electrons. One example includes YSZ treated to allow 
it to conduct electrons, for example, YSZ doped with a metal such as tin, or another 

15 suitable dopant. In such a case, the oxidation facilitator typically is selected to be 
ionically conductive as well and, in such a case, a mixed ion/electron conductor can 
be selected. An example of a suitable mixed ion/electron conductor is YSZ/LCC, 
compounded in any of a variety of ratios selectable by those of ordinary skill in the art 
to achieve a desired balance of conduction. Other non-limiting examples include 

20 doped cerium oxide, including CGO (gadolinium-doped cerium oxide), CYO 

(yttrium-doped cerium oxide), SDC (samarium-doped cerium oxide), YSZ doped with 
a metal such as nickel, or the like. Typical dopant levels may be on the order of 10- 
20%, for example, CGO typically includes 10-20% gadolinium, and is a mixed 
conductor at temperature at and above about 600 degrees Celsius. CGO may also 

25 have the added benefit of acting as a catalyst for reduction of oxide species. Use of an 
oxidation facilitator that is a mixed ion/electron conductor can be advantageous in that 
it can effectively increase the interfacial area by re-ionizing oxygen and allowing it to 
be diffused into the mixed ion conductor. In such an embodiment, the interfacial area 
becomes the entire surface of the oxidation facilitator. 

30 The oxidation facilitator also may include one or more catalysts to facilitate 

oxidation of fuel, reforming of fuel, and/or another purpose. Those of ordinary skill 
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in the art are capable of selecting suitable catalysts for these purposes, and 
immobilizing them on a substrate defined by the oxidation facilitator. Examples 
include platinum, ruthenium, nickel, and doped or undoped cerium oxide. 

* 

Fuel may be delivered to a oxidation facilitator in any manner that provides 

5 sufficient fuel to the needed locations. The nature of the fuel delivery may vary with 
the type of fuel. For example, solid, liquid, and gaseous fuels may all be introduced 
in different manners. A variety of fuel delivery options useful with liquid anodes are 
disclosed in International Patent Publication No. WO 03/044887, referenced above. 
The fuel delivery techniques taught by this application may be modified to supply fuel 

10 to the oxidation facilitator, rather than directly to the anode. For example, in the 
embodiment illustrated in Figs. 5 and 6, fuel delivery path 22 delivers fuel into fuel 
chamber 24. Fuel delivery paths could also enter the fuel chamber from other 
directions. For example, the fuel could be introduced into the bottom of the fuel 
chamber, via a delivery conduit passing through the bottom wall(s) of the device. The 

15 placement of the fuel delivery path may also vary with the arrangement of the 

oxidation facilitator and fuel chamber, if any. For example, the oxidation facilitator 
could be reversed compared to that shown on Fig. 5, such that the open side faces 
downward. In this case, the fuel delivery path may enter the fuel chamber from the 
bottom. The fuel delivery conduit can be made of alumina, in one embodiment. 

20 Fuel may be delivered to a oxidation facilitator in such a manner as to inhibit 

clogging or coking. Potentially suitable strategies for reducing coking are disclosed 
in U.S. Application No. 10/300,687 and International Application No. 
PCT/US02/37290 (International Publication No. WO 03/044887, published May 30, 
2003.) Fuel which is prone to coking may also be reformed prior to introduction into 

25 the electrochemical device. In addition, the use of a oxidation facilitator provides 
additional options for inhibiting coking, for example where a catalyst capable of 
reforming the fuel may be introduced into the oxidation facilitator, eliminating the 
need for external reformation. 

Where coking is an issue, fuel may also be reformed by the anode. For 

30 example, where the anode is a liquid anode, the fuel may be introduced into the 

anode. Fuel that is not consumed to produce electricity in the anode may be reformed 
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by the relatively high temperatures of the anode. The reformed fuel may then pass out 
of the anode via a oxidation facilitator, where more of it can react with the anode, 
increasing fuel efficiency of the electrochemical device. An example of such an 
embodiment is illustrated in Fig. 12. In the illustrated embodiment, fuel 30 flows 

5 through electrochemical device 10 as indicated by flow arrows 32. Specifically, fuel 
30 is bubbled up one side of the electrochemical device and then enters oxidation 
facilitator 20. The fuel passes down through oxidation facilitator 20 and exits the 
electrochemical device. Fuel is reacted both within the anode and the oxidation 
facilitator. Other components of the invention including cathode, anode, electrolyte, 

10 current collectors, leads, conduits, etc., can be selected by those of ordinary skill in 
the art from readily available materials, and in most cases, the selection is not critical 
to the invention except with respect to uses described above. As an example, 
components can be selected as described in the following documents, each 
incorporated herein by reference: U.S. Patent Application Serial Nos. 09/033,923; 

15 09/837,864; 09/819,886; 10/300,687; International Patent Application Serial Nos. 
PCT/US03/03642; PCT/US02/37290; PCT/US02/20099; and PCT/US01/12616. 

The anode, cathode, current collectors, electrolyte, circuitry, and other 
components can be selected by those of ordinary skill in the art from among known 
components, as well as those described in any of International Patent Publication No. 

20 WO 01/80335, U.S. Patent Publication No. 2002/0015877 Al, International Patent 
Publication No. WO 03/001617, International Patent Publication No. WO 03/044887, 
International Patent Application No. PCT/US03/03642, or U.S. Patent Application 
No. 60/391,626, each referenced above. Specific examples follow, but the invention 
is not to be considered limited to these. 

25 The anode can be a rechargeable anode, as taught in International Patent 

Publication No. WO 01/80335, referenced above, and can be selected from among 
metal or metal alloy anodes that are capable of existing in more than two oxidation 
states or in non-integral oxidation states. Certain metals can be oxidized to one or 
more oxidation states, any one of these states being of a sufficient electrochemical 

30 potential to oxidize the fuel. Conversely, if that metal is oxidized to its highest 

oxidation state, it may be reduced to more than one lower oxidation state (i.e., at least 
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one having a higher oxidation state than neutral) where the anode is capable of 
functioning in any of these states. Alternatively, a metal oxide or mixed metal oxide 
may collectively oxidize fuel where metal ions are reduced by formal non-integer 
values. 

5 Examples of anodic material that can be used to form the anode, or 

compounded with other materials to define an anode, include liquid anodes (that is, a 
material that is a liquid at operating temperatures of the device). In one embodiment, 
the device is operable, with the anode in a liquid state, at a temperature of less than 
about 1500 °C, at a temperature of less than about 1300 °C, at a temperature less than 

10 about 1200 °C, at a temperature less than about 1000 °C, or at a temperature less than 
about 800 °C. By "operable," it is meant that the device is able to generate electricity, 
either as a fuel cell or as a battery with the anode in a liquid state, and the anode may 

» 

not necessarily be a liquid at room temperature. It is understood by those of ordinary 
skill in the art that anodic temperature can be controlled by selection of anode 

15 materials or in the case of an alloy, composition and percentages of the respective 
metal components, i.e., composition can affect a melting point of the anode. Other 
non-limiting exemplary operating temperature ranges include a temperature between 
. about 300 °C to about 1500 °C, between about 500 °C to about 1300 °C, between 
about 500 °C to about 1200 °C, between about 500 °C to about 1000 °C, between 

20 about 600 °C to about 1000 °C, between about 700 °C to about 1000 °C, between 

about 800 °C to about 1000 °C, between about 500 °C to about 900 °C, between about 
500 °C to about 800 °C, and between about 600 °C to about 800 °C. 

The anode can be a pure liquid or can have solid and liquid components, so 
long as the anode as a whole exhibits liquid-like properties. Where the anode is a 

25 metal, it can be a pure metal or can comprise an alloy comprising two or more metals. 
In one set of embodiments, the anodic material is selected so as to have a standard 
reduction potential greater than -0.70 V versus the Standard Hydrogen Electrode 
(determined at room temperature). These values can be obtained from standard 
reference materials, or measured by using methods known to those of ordinary skill in 

30 the art. The anode can comprise any one or more than one of a transition metal, a 

main group metal, an alkaline metal, an alkaline earth metal, a lanthanide, an actinide, 
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and combinations thereof. Metals such as copper, molybdenum, mercury, iridium, 
palladium, antimony, rhenium, bismuth, platinum, silver, arsenic, rhodium, tellurium, 
selenium, osmium, gold, lead, germanium, tin, indium, thallium, cadmium, 
gadolinium, chromium nickel, iron, tungsten, cobalt, zinc, vanadium, or combinations 

5 thereof, can also be useful. Examples of alloys include, but are not limited to, 5% lead 
with reminder antimony, 5% platinum with reminder antimony, 5% copper with 
reminder indium, 20% lead, 10% silver, 40% indium, 5% copper. 

Although liquid anodes are more commonly used in the invention, solid 
anodes can be used as well, including metals such as main group metals, transition 

10 metals, lanthanides, actinides, and/or ceramics (optionally doped with any metal listed 
herein). Other suitable solid anodes are disclosed in references incorporated herein. 

The cathode of the device typically (but not always) is a solid-state cathode, 
e.g. a metal oxide or a mixed metal oxide. Specific examples include tin-doped L12O3, 
aluminum-doped zinc oxide and zirconium-doped zinc oxide. Another example of a 

15 solid state cathode is a perovskite-type oxide having a general structure of ABO3, 
where "A" and "B" represent two cation sites in a cubic crystal lattice. A specific 
example of a perovskite-type oxide has a structure La x MnyA a BbCcOd where A is an 
alkaline earth metal, B is selected from the group consisting of scandium, yttrium and 
a lanthanide metal, C is selected from the group consisting of titanium, vanadium, 

20 chromium, iron, cobalt, nickel, copper, zinc, zirconium, hafnium, aluminum and 

antimony, x is from 0 to about 1.05, y is from 0 to about 1, a is from 0 to about 0.5, b 
is from 0 to about 0.5, c is from 0 to about 0.5 and d is between about 1 and about 5, 
and at least one of x, y, a, b and c is greater than zero. More specific examples of 
perovskite-type oxides include LaMnCb, Lao^Sro.ieMnCb, Lao.84Caai6MnC>3, 

25 Lao.84Bao.i6Mn0 3 , Lao.65Sro.35Mno.gCoo.2O3, Lao.79Sro.i6Mno.g5Coo.15O3, 
Lao.g4Sro.i6Mno.gNio.2O3, Lao.g4Sro.i6Mno.gFeo.2O3, Lao.g4Sro.i6Mno.gCeo.2O3, 
Lao.g4Sro.i6Mno.gMgo.2O3, Lao.g4Sro.i6Mno.gCro.2O3, Lao.6Sro.35Mno.gAlo.2O3, 
Lao.g4Sco.i6Mn0 3 , Lao.g 4 Yo.i6Mn0 3 , Lao.7Sro.3Co03> LaCo0 3 , Lao. 7 Sro.3Fe0 3j 
Lao.5Sro.5Coo.gFeo.2O3, or other LSM materials. As used herein, "LSM" refers to any 

30 lanthanum-strontium-manganese oxide, such as Lao.g4Sro.i6Mn03. In other 

embodiments, the ceramic may also include other elements, such as titanium, tin, 
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indium, aluminum, zirconium, iron, cobalt, manganese, strontium, calcium, 
magnesium, barium, or beryllium. Other examples of solid state cathodes include 
LaCo0 3 , LaFe0 3( LaCr0 3 , and a LaMn03-based perovskite oxide cathode, such as 
Lao,75Sr 0 .25Cr0 3 , (Lao.6Sr 0 .4)o.9Cr0 3 , Lao.6Sr 0 .4Fe0 3 , Lao.6Sr 0 .4Co0 3 or Lno.eSro.^CoQ*, 

5 where Ln may be any one of La, Pr, Nd, Sm, or Gd. Alternatively, the cathode may 
comprise a metal, for example, the cathode may comprise a noble metal. Examples of 
metals useful in cathodes include any one or more than one of platinum, palladium, 
gold, silver, copper, rhodium, rhenium, iridium, osmium, and combinations thereof. 
Current collectors can be selected to adequately deliver or remove electrical 

10 current to or from an electrode and/or, like other components, to operate effectively at 
typical device temperatures, and/or to be adequately resistant to conditions within the 
device that can cause chemical degradation to non-resistant materials. Examples 
include platinum as a cathode current collector, and graphite rod as an anode current 
collector. A wide variety of useful current collectors are described in International 

1 5 Patent Application No. PCT/US03/03642 and U.S. Patent Application No. 

60/391,626, referenced above. In one arrangement, a current collector includes a 
sheathing material, a liquid metal (metal or alloy that is a liquid under typical 
operating conditions within an interior space of the sheathing material, and an 
electrical lead in contact with the liquid metal. Liquid metals can be selected from 

20 among, for example, copper, molybdenum, iridium, palladium, antimony, rhenium, 
bismuth, platinum, silver, arsenic, rhodium, tellurium, selenium, osmium, gold, lead, 
germanium, tin, indium, thallium, cadmium, chromium, nickel, iron, tungsten, cobalt, 
zinc, vanadium, gallium, aluminum, and alloys thereof. Examples of sheathing 
material include scandium, indium, a lanthanide, yttrium, titanium, tin, indium, 

25 aluminum, zirconium, iron, cobalt, manganese, strontium, calcium, magnesium, 
barium, beryllium, a lanthanide, chromium, and mixtures thereof. Combinations of 
any of the above compounds are also possible, such as alloys of any of the above 
metals, which may include combinations of the above metals or combinations with 
other metals as well. One example is a platinum-silver alloy having any suitable ratio, 

30 for example, 5% Pt:95% Ag, 10% Pt:90% Ag, 20% Pt:80% Ag, or the like. 
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In some embodiments, the electrically conducting material and/or the 
sheathing material may be a heterogeneous material formed from a mix of materials. 
The mixture may be a mixture including any one of the materials previously 
described, for example, a ceramic mixture, a metal mixture, or a cermet mixture, 

5 where a "cermet* is a mixture of at least one metal compound and at least one ceramic 
compound, for example, as previously described. As one example, the cermet may 
include a material such as copper, silver, platinum, gold, nickel, iron, cobalt, tin, 
indium and a ceramic such as zirconium oxide, an aluminum oxide, an iron oxide, a 
nickel oxide, a lanthanum oxide, a calcium oxide, a chromium oxide, a silicate, a 

10 glass. Combinations of these materials are also contemplated. Additionally, other 
materials may be incorporated in the cermet, for example, graphite. Suitable cermet 
mixtures may include, for example, Cu/YSZ, NiO/NiFe^, NiO/Fe 2 0 3 /Cu, Ni/YSZ, 
Fe/YSZ, Ni/LCC, Cu/YSZ, NiAl 2 0 3 , or Cu/Al 2 0 3 . As used herein, "LCC" refers to 
any lanthanum-calcium-chromium oxide. 

15 The electrolyte of the device should be selected to allow conduction of ions 

between the cathode and anode, typically the migration of oxygen ions. Solid state 

■ 

electrolytes can be used, and examples include metal oxides and mixed metal oxides. 
An example of a solid state electrolyte is an electrolyte having a formula 
(Zr02)(Hf02) a (Ti02)b(Al203)c(Y 2 03)d(MxOy)e where a is from 0 to about 0.2, b is 
20 from 0 to about 0.5 c is from 0 to about 0.5, d is from 0 to about 0.5, x is greater than 
0 and less than or equal to 2, y is greater than 0 and less than or equal to 3, e is from 0 
to about 0.5, and M is selected from the group consisting of calcium, magnesium, 
manganese, iron, cobalt, nickel, copper, and zinc. More specifically, examples of 
solid state electrolytes include (Zr0 2 ), (Zr0 2 )(Y 2 0 3 )o.o8, (Zr0 2 )(Hf0 2 )o.o2(Y 2 0 3 )ao8 5 

25 (ZlO 2 )(HflD 2 )0.02(Y2O3)0.05 > (ZlO2)(HfD2)0.02(Y2O3)0.08(TiO2)0.10, 

(ZrO 2 )(HfO 2 ) 0 .02^^ 

(Zr0 2 )(Y 2 0 3 )o.o8(CoO) 0 .o5 5 (ZrO 2 )(Y2O 3 ) 0 .08(ZnO) 0 .05 3 (Zr02)(Y 2 O 3 ) 0 .08(NiO) 0 .05, 
(Zr0 2 )(Y 2 0 3 )o.o8(CuO) 0 ,o5, (ZrO 2 )(Y 2 O 3 ) 0 .08(MnO) 0 .05 and Zr0 2 CaO. Other examples 
of solid state electrolytes include a YSZ, CeOrbased perovskite, such as Ceo.9Gdo.1Cb 
30 or Cei_xGd x 0 2 where x is no more than about 0.5; lanthanum-doped ceria, such as 
(CeO)i_n(La0 5 ) n where n is from about 0.01 to about 0.2; a LaGa0 3 -based perovskite 
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oxide, such as Lai. x A x Gai.yB y 03 where A can he Sr or Ca, B can be Mg, Fe, Co and x 
is from about 0.1 to about 0.5 and y is from about 0.1 to about 0.5 (e.g. Lao.9SrO.1Ga 
o.sMgo^Cb); a PrGaCb-based perovskite oxide electrolyte, such as 
Pro.93Sro.07Gao.85Mgo.15O3 or Pro.93Cao.07Gao.85Mgo.15O3; and a Ba 2 In20 5 -based 

5 perovskite oxide electrolyte, such as Ba2(Ini. x Ga x )205 or (Bai. x La x )In20s, where is x is 
from about 0.2 to about 0.5. 

A wide variety of fuels can be used. Generally, the fuel will be gasified at at 
least one step of the process. Examples of classes of fuels include a carbonaceous 
material; sulfur; a sulfur-containing organic compound such as thiophene, thiourea 

10 and thiophenol; a nitrogen-containing organic compound such as nylon and a protein; 
ammonia, hydrogen and mixtures thereof. Typically, the fuel selected for the device 
is application-dependent. Examples of a fuel comprising a carbonaceous material 
include conductive carbon, graphite, quasi-graphite, coal, coke, charcoal, fullerene, 
buckminsterfullerene, carbon black, activated carbon, decolorizing carbon, a 

15 hydrocarbon, an oxygen-containing hydrocarbon, carbon monoxide, fats, oils, a wood 
product, a biomass and combinations thereof. Examples of a hydrocarbon fuel 
include saturated and unsaturated hydrocarbons, aliphatics, alicyclics, aromatics, and 
mixtures thereof. Other examples of hydrocarbons include gasoline, diesel, kerosene, 
methane, propane, butane, natural gas and mixtures thereof. Examples of oxygen- 

20 containing hydrocarbon fuels include alcohols which further include C1-C20 alcohols 
and combinations thereof. Specific examples include methanol, ethanol, propanol, 
butanol and mixtures thereof. However, almost all oxygen-containing hydrocarbon 
fuels capable of being oxidized by the anode materials disclosed herein may be used 
so long as the fuel is not explosive or does not present any danger at operating 

25 temperatures. Gaseous fuels such as hydrogen and SynGas (a mixture of hydrogen 
and carbon monoxide) may also be used in certain embodiments of the invention. In 
another aspect of the invention, the electrochemical device is capable of operating 
with more than one type of fuel. The vast majority of prior art fuel cells are designed 
to operate with a specific fuel type, usually hydrogen and less often methanol. This 

30 aspect of the invention makes it possible to capitalize on the benefits of different fuel 
types. For example, one type of fuel may provide a higher power output whereas 
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another may provide a lower power output but affords lightweight properties. 
Enhanced performance may be achieved with one type of fuel, yet another type of fuel 
recharges the anode more efficiently. Other benefits for using different fuel types 
may be realized, for example, in situations where the price of one fuel type rises and 

5 economics dictate the use of a cheaper fuel. Environmental concerns may also be a 
deciding factor in changing the fuel type. Short term benefits may be realized, for 
example, in the situation where the supply of one fuel type is exhausted and only 
another fuel type is readily available. 

The oxidant can be selected from species that will serve as oxidizing agent 

10 during operation, such as air, pure oxygen or an oxygen-containing gas, at 
atmospheric pressures or greater. 

While several embodiments of the present invention have been described and 
illustrated herein, those of ordinary skill in the art will readily envision.a variety of 
other means and/or structures for performing the functions and/or obtaining the results 

15 and/or one or more of the advantages described herein, and each of such variations 
and/or modifications is deemed to be within the scope of the present invention. More 
generally, those skilled in the art will readily appreciate that all parameters, 
dimensions, materials, and configurations described herein are meant to be exemplary 
and that the actual parameters, dimensions, materials, and/or configurations will 

20 depend upon the specific application or applications for which the teachings of the 
present invention is/are used. Those skilled in the art will recognize, or be able to 
ascertain using no more than routine experimentation, many equivalents to the 
specific embodiments of the invention described herein. It is, therefore, to be 
understood that the foregoing embodiments are presented by way of example only and 

25 that, within the scope of the appended claims and equivalents thereto, the invention 
may be practiced otherwise than as specifically described and claimed. The present 
invention is directed to each individual feature, system, article, material, kit, and/or 
method described herein. In addition, any combination of two or more such features, 
systems, articles, materials, kits, and/or methods, if such features, systems, articles, 

30 materials, kits, and/or methods are not mutually inconsistent, is included within the 
scope of the present invention. 



WO 2004/112175 



PCT/US2004/018733 



-30- 

All definitions, as defined and used herein, should be understood to control 
over dictionary definitions, definitions in documents incorporated by reference, and/or 
ordinary meanings of the defined terms. 

The indefinite articles "a" and "an," as used herein in the specification and in 
5 the claims, unless clearly indicated to the contrary, should be understood to mean "at 
least one." 

The phrase "and/or," as used herein in the specification and in the claims, 
should be understood to mean "either or both" of the elements so conjoined, i.e., 
elements that are conjunctively present in some cases and disjunctively present in 

10 other cases. Other elements may optionally be present other than the elements 
specifically identified by the "and/or" clause, whether related or unrelated to those 
elements specifically identified. Thus, as a non-limiting example, a reference to "A 
and/or B", when used in conjunction with open-ended language such as "comprising" 
can refer, in one embodiment, to A only (optionally including elements other than B); 

15 in another embodiment, to B only (optionally including elements other than A); in yet 
another embodiment, to both A and B (optionally including other elements); etc. 

As used herein in the specification and in the claims, "or" should be 
understood to have the same meaning as "and/or" as defined above. For example, 
when separating items in a list, "or" or "and/or" shall be interpreted as being 

20 inclusive, i.e., the inclusion of at least one, but also including more than one, of a 
number or list of elements, and, optionally, additional unlisted items. Only terms 
clearly indicated to the contrary, such as "only one of or "exactly one of," or, when 
used in the claims, "consisting of," will refer to the inclusion of exactly one element 
of a number or list of elements. In general, the term "or" as used herein shall only be 

25 interpreted as indicating exclusive alternatives (i.e. "one or the other but not both") 
when preceded by terms of exclusivity, such as "either," "one of," "only one of," or 
"exactly one of." "Consisting essentially of," when used in the claims, shall have its 
ordinary meaning as used in the field of patent law. 

As used herein in the specification and in the claims, the phrase "at least one," 

30 in reference to a list of one or more elements, should be understood to mean at least 
one element selected from any one or more of the elements in the list of elements, but 
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not necessarily including at least one of each and every element specifically listed 
within the list of elements and not excluding any combinations of elements in the list 
of elements. This definition also allows that elements may optionally be present other 
than the elements specifically identified within the list of elements to which the phrase 
"at least one" refers, whether related or unrelated to those elements specifically 
identified. Thus, as a non-limiting example, "at least one of A and B" (or, 
equivalently, "at least one of A or B," or, equivalently "at least one of A and/or B") 
can refer, in one embodiment, to at least one, optionally including more than one, A, 
with no B present (and optionally including elements other than B); in another 
embodiment, to at least one, optionally including more than one, B, with no A present 
(and optionally including elements other than A); in yet another embodiment, to at 
least one, optionally including more than one, A, and at least one, optionally including 
more than one, B (and optionally including other elements); etc. 

It should also be understood that, unless clearly indicated to the contrary, in 
any methods claimed herein that include more than one act, the order of the acts of the 
method is not necessarily limited to the order in which the acts of the method are 
recited. 

In the claims, as well as in the specification above, all transitional phrases 
such as "comprising," "including," "carrying," "having," "containing," "involving," 
"holding " and the like are to be understood to be open-ended, i.e., to mean including 
but not limited to. Only the transitional phrases "consisting of and "consisting 
essentially of shall be closed or semi-closed transitional phrases, respectively, as set 
forth in the United States Patent Office Manual of Patent Examining Procedures, 
Section 21 11.03. 

What is claimed is: 
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CLAIMS 

1 . A fuel cell, comprising: 

a compartment constructed and arranged to contain an anode that is a 

fluid during operation of the fuel cell; 

a fuel manifold attachable to a source of fuel for the fuel cell; and 

a fuel oxidation facilitator across which oxidation of a fuel provided by 

the manifold via an anode in the anode compartment can occur during fuel cell 

operation. 

2. A fuel cell as in claim 1, wherein the fuel oxidation facilitator is constructed 
and arranged to prevent flow between a fuel and a fluid anode during fuel cell 
operation. 



3. A fuel cell as in claim 2, wherein the fuel oxidation facilitator includes at least 
a portion physically separating a fuel from a fluid anode during fuel cell 
operation, across which portion fuel oxidation can occur. 



4. A fuel cell as in claim 3, wherein the fuel oxidation facilitator physically > 
completely separates a fuel from a fluid anode during fuel cell operation. 

5. A fuel cell as in claim 2, wherein the fuel oxidation facilitator includes at least 
one pore of dimension allowing physical contact between a fuel and an anode 
under operating conditions of the fuel cell. 

6. A fuel cell as in claim 5, wherein the fuel oxidation facilitator includes a 
section separating a fuel and a liquid anode, essentially the entire section 
comprising a porous article including pores of dimension allowing physical 
contact between the fuel and the anode under operating conditions of the fuel 
cell. 
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7. A fuel cell as in claim 5, wherein the fiiel oxidation facilitator includes at least 
a portion physically separating a fuel from a fluid anode during fuel cell 
operation, across which portion fuel oxidation can occur. 

8. A fuel cell as in claim 1, wherein the fuel oxidation facilitator defines a 
portion of the anode compartment. 

9. A fuel cell as in claim 8, constructed and arranged such that the fuel cell 
oxidation facilitator, at at least one portion thereof, is the sole fuel cell 
component separating an anode in the anode compartment from a fuel 
provided in the fuel manifold. 

10. A fuel cell as in claim 1, wherein the fuel oxidation facilitator defines a 
portion of the fuel manifold. 

11. A fuel cell as in claim 10, constructed and arranged such that the fuel cell 
oxidation facilitator, at least one portion thereof, is the sole fuel cell 
component separating an anode in the anode compartment from a fuel 
provided in the fuel manifold. 

12. A fuel cell as in claim 1, further comprising an anode that is a fluid during 
operation of the fuel cell. 

13. A fuel cell as in claiml2, wherein a substantial portion of the anode is a liquid 
during operation of the fuel cell. 

14. A fuel cell as in claim 1, wherein the oxidation facilitator comprises a mixed 
ion/electron conductor. 

15. A fuel cell as in claim 1, wherein the fuel oxidation facilitator includes at least 
one ionically-conductive portion. 
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16. A fuel cell as in claim 1, further comprising a fuel, a substantial portion of 
which is a gas under operating conditions of the fuel cell. 

17. A fuel cell as in claim 1, wherein the fuel oxidation facilitator is substantially 
cylindrical. 

18. A fuel cell as in claim 1, wherein the fuel manifold includes or is connected to 
an exhaust conduit and the cell further comprises a fuel delivery conduit 
having an exit for delivery of fuel at an end of the fuel manifold substantially 
opposite the exhaust end. 

19. A fuel cell as in claim 1, further comprising an auxiliary electrical circuit 
constructed and arranged to drive oxidant toward fiiel across the oxidation 
facilitator. 

20. A fuel cell, comprising: 

an anode; 

a fuel manifold attachable to a source of fuel for the cell; and 

a fuel oxidation facilitator across which, at a location where the anode 

is physically separated from a fuel provided by the manifold, oxidation of the 

fuel via the anode can occur during fuel cell operation. 

21. A fuel cell as in claim 20, wherein a substantial portion of the fuel is a gas and 
a substantial portion of the anode is a fluid under operating conditions of the 
fuel cell. 

22. A fuel cell as in claim 21, wherein a substantial portion of the anode is a liquid 
under operating conditions of the fuel cell. 
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23. A fuel cell as in claim 20, wherein a substantial portion of the fuel is a gas 
under operating conditions of the fuel cell 

24. A fuel cell as in claim 20, wherein a substantial portion of the anode is a solid 
under operating conditions of the fuel cell. 

25. A fuel cell as in claim 24, wherein a substantial portion of the fuel is a gas 
under operating conditions of the fuel cell 

26 A fuel cell as in claim 20, wherein the oxidation facilitator comprises a mixed \ 
ion/electron conductor. 

27. An article, comprising: 

a fuel oxidation facilitator, for use in a fuel cell comprising a fluid 
anode that oxidizes a fuel provided to the fuel cell during cell operation, the 
facilitator constructed and arranged to be integrated with other fuel cell 
components wherein oxidation of the fuel by the anode occurs across at least a 
portion of the facilitator. 

28. An article as in claim 27, wherein the fuel oxidation facilitator is constructed 
and arranged to prevent flow between a fuel and a fluid anode during fuel cell 
operation. 

29. An article as in claim 27, wherein the fuel oxidation facilitator includes at least 
a portion able to physically separate a fuel from a fluid anode during fuel cell 

* operation, across which portion fuel oxidation can occur. 

30. An article as in claim 27, comprising a mixed ion/electron conductor. 

31. An article, comprising: 

a fuel oxidation facilitator, for use in a fuel cell comprising an anode 
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that oxidizes a fuel provided to the fuel cell during cell operation, the 
facilitator constructed and arranged to be integrated with other fuel cell 
components, and including one portion constructed and arranged to physically 
separate the fuel from the anode during fuel cell operation, across which 
portion fuel oxidation can occur. 

32. An article as in claim 3 1, comprising a mixed ion/electron conductor. 

33 . A method, comprising an act of: 

oxidizing a fuel with an oxidant at an anode of a fuel cell at a location 
where the anode and fuel are physically separated from each other. 

34. A method as in claim 33, wherein the anode and fuel are completely 
physically separated from each other in the fuel cell. 

35. A method as in claim 33 wherein, at at least one location, the anode and fuel 
are allowed to physically contact each other, 

36. A method, comprising an act of: 

oxidizing a gaseous fuel with an oxidant at a liquid anode of a fuel cell 
while containing the liquid anode within a compartment separate from a 
compartment within which the gaseous fuel is provided, form which the liquid 
anode is not free to flow or migrate into the fuel compartment during 
operation. 

37. A method as in claim 36, comprising allowing oxidation of the gaseous fuel to 
occur across an oxidation facilitator that prevents the liquid anode from 
flowing or migrating into the fuel compartment during operation. 

38. A method as in claim 37, wherein the oxidation facilitator is a mixed 
ionic/electronic conductor. 
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39. A method as in claim 37, wherein the oxidation facilitator includes porous, 
open channels allowing physical contact between the fuel and the anode. 

40. A method as in claim 37, wherein the oxidation facilitator prevents liquid 
anode physical flow into the fuel compartment. 

41. A method as in claim 37, wherein the oxidation facilitator prevents 
accumulation of metal anode outside of the anode compartment. 

42. A method as in claim 36, wherein the fuel is hydrogen. 

43. A method as in claim 36, wherein the anode is a liquid metal. 

44. A method as in claim 36, wherein oxidation of the gaseous fuel occurs at a 
location where the anode and fuel are physically separated from each other. 

45. A fuel cell, comprising: 

an anode; 

a fuel manifold attachable to a source of fuel for the cell; and 

a fuel oxidation facilitator across which, at a location where the anode 

is physically separated from a fuel provided by the manifold, oxidation of the 

fuel by the anode can occur during fuel cell operation. 
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